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INTRODUCTION
Chromatin is composed of repeating units of nucleosomes, each comprising $146 base pairs of DNA wrapped around an octamer of histones H2A, H2B, H3, and H4 (Luger et al., 1997) . Post-translational modifications of histones affect a variety of chromatin template-based events, including transcription, replication, and DNA repair (Kouzarides, 2007) . Chromatin dysregulation has emerged as a major contributor to neurodevelopmental (Iwase and Shi, 2010) and psychiatric (Nestler, 2014) disorders. Intellectual disability (ID) is a prevalent brain disorder, affecting 1%-2% of the total population, and represents a major unmet medical need worldwide. ID is defined as limitations in both adaptive behavior and intellectual functioning (van Bokhoven, 2011) . Advances in DNA sequencing technologies have led to the identification of genetic variations associated with ID, including mutations in many chromatin regulators, e.g., genes encoding enzymes that add or remove chemical modifications from DNA or histone, enzymes that affect nucleosome positioning, and reader proteins that recognize specific chromatin modifications (Iwase and Shi, 2010) . Despite the identification of genetic variations associated with different forms of ID, the cellular and molecular etiology of ID remains poorly understood.
KDM5C (also known as SMCX and JARID1C) is an X-linked gene whose protein product belongs to a subfamily of JmjC domain histone demethylases that mediate demethylation of histone H3K4me2/3 (Iwase et al., 2007; Tahiliani et al., 2007) . Human genetic studies identified an association between KDM5C mutations and X-linked ID (XLID), estimated to account for 0.7%-2.8% of all XLID cases (Gonç alves et al., 2014; Ropers and Hamel, 2005) . Patient mutations in KDM5C include nonsense and missense mutations; all patient missense mutations tested compromise KDM5C's enzymatic activity, suggesting a loss-of-function disease mechanism (Brookes et al., 2015; Iwase et al., 2007; Tahiliani et al., 2007) . In addition to ID (ranging from mild to severe), many patients with KDM5C mutations exhibit physical and behavioral abnormalities, including short stature, epilepsy, aggressive or violent behavior, and constant smiling (Abidi et al., 2008; Gonç alves et al., 2014) . Interestingly, KDM5C has been implicated in other neurological abnormalities, including ID caused by mutations in ARX (Poeta et al., 2013) , autism spectrum disorder (ASD) (Adegbola et al., 2008; Gon-ç alves et al., 2014 ), Huntington's disease (Vashishtha et al., 2013) , and cerebral palsy (McMichael et al., 2015) , suggesting that it may be a critical regulator of brain development and function. KDM5C is ubiquitously expressed, with the highest levels observed in brain and skeletal muscle in human (Jensen et al., 2005) . In the mouse brain, Kdm5c is broadly expressed in areas relevant to cognitive and emotional behaviors such as the prefrontal cortex, hippocampus, and amygdala (Xu et al., 2008) . However, the role of KDM5C in the central nervous system remains elusive.
The evolutionary conservation of the chromatin machinery and the genetic nature of the diseases make mice an amenable model for investigating brain disorders associated with mutations in genes encoding chromatin regulators. For example, impaired cognitive function in Rubinstein-Taybi syndrome was recapitulated in mice lacking the histone acetyltransferase gene Crebbp (Oike et al., 1999) , and Kleefstra syndrome was modeled by targeting Ehmt1, the histone H3K9 methyltransferase gene (Schaefer et al., 2009 ). Deletion of murine Kmt2d, an Mll family H3K4 methyltransferase associated with Kabuki syndrome, results in craniofacial dysmorphism and cognitive deficits (Bjornsson et al., 2014) . However, no animal model of a human disorder associated with mutations in a histone methylation ''eraser'' gene has been reported, hindering understanding of the dynamic regulation of histone modification in normal and diseased brains, and the development of potential therapies. We therefore generated mice to test the hypothesis that loss of Kdm5c function is causal to XLID, to explore the underlying cellular and molecular mechanisms, and to investigate how removal of H3K4me3 by Kdm5c plays a role in the brain.
RESULTS
We disrupted Kdm5c function in mice through targeted elimination of exons 11 and 12, which encode its enzymatic domain (Figures S1A-S1C). This knockout strategy is predicted to generate a mutant Kdm5c gene encoding an RNA transcript with an in-frame deletion of exons 11 and 12. Nonetheless, the predicted mutant Kdm5c protein is barely detectable in the knockout, and the estimated level of expression is less than 5% of the WT Kdm5c protein level ( Figure S1D ; data not shown). The KDM5C gene is X-linked in humans and mice, and affected human individuals are predominantly male; thus, we focused our analyses on male hemizygous animals, namely Kdm5c-knockout mice (À/y, KO) and their WT littermates (+/y, WT). We found that Kdm5c-KO mice exhibited smaller body size and reduced body weight ( Figure 1A ; p < 0.005 Student's t test; Figure S1E ), which is reminiscent of shorter stature in $60% of affected individuals (Abidi et al., 2008; Jensen et al., 2005) . Despite their reduced body weight, Kdm5c-KO male mice are generally in good health and are fertile.
Kdm5c-KO Mice Exhibit Abnormal Social Behavior, Including Aggression, and Impaired Learning and Memory We next investigated adaptive behaviors that are frequently compromised in XLID patients. Using the resident-intruder paradigm, we examined whether KO mice display elevated aggression, which is reported in one-third of XLID patients with mutated KDM5C. Kdm5c-KO mice were dramatically more aggressive than WT littermates. Specifically, the latency of the first attack to the intruder mouse was significantly shorter for Kdm5c-KO than WT mice (KO: 12.7 ± 2.4 s, n = 13; WT: 37.6 ± 9.2 s, n = 13; p < 0.05, Student's t test; Figure 1B ). The aggressive behavior of the KO mice would be categorized as maladaptive since they often showed little or no interest in social exploration (e.g., dorsal sniffing) prior to physical attacks and made shorter pauses between attack episodes (Movies S1 and S2). In fact, some Kdm5c-KO mice attacked the intruder mouse so viciously in some sessions that we had to separate them abruptly to protect the stimulus mice, leading to different trial lengths; therefore, number of attacks/bites could not be measured. Serum testosterone levels were elevated in Kdm5c-KO mice, although the difference was marginally non-significant (KO: 53.9 ± 13.4 ng/dl, n = 7; WT: 28.2 ± 4.2, n = 8; p = 0.07, t test; Figure S1F ), suggesting that elevated aggression of Kdm5c-KO mice might involve changes in testosterone level in addition to altered neural circuitry.
To investigate social behaviors of Kdm5c-KO mice in a neutral environment, we employed the three-chamber social approach and memory tests (Silverman et al., 2010) . While WT mice spent significantly more time exploring the stimulus mouse than an inanimate object, Kdm5c-KO mice spent similar time between the two (WT: 126.4 ± 13.6 s on stimulus mouse versus 30.9 ± 5.0 s on object, n = 16, p < 0.0001; KO: 87.1 ± 13.2 s on stimulus mouse versus 55.9 ± 12.5 s on object, p = 0.14; paired t test in both cases; Figure 1C ). The absence of preference for a conspecific is not likely attributable to a sensory discrimination defect, as both WT and Kdm5c-KO mice preferred the novel over familiar stimulus mouse in the subsequent social memory tests ( Figure S1G ). These data suggest that Kdm5c-KO mice display a reduced motivation for and/or interest in social interaction that is intrinsic and governed by genetically programmed neural circuits (Silverman et al., 2010) . This phenotype is consistent with the manifestation of autistic behaviors in some individuals with KDM5C mutations (Adegbola et al., 2008) .
We then employed the elevated-plus maze paradigm to measure anxiety levels. Interestingly, compared with WT littermates, Kdm5c-KO mice spent significantly more time in the open arms of the maze and significantly less time in the closed arms (Figure 1D ; p < 0.05, Student's t test), suggesting that Kdm5c-KO mice have decreased anxiety levels. Of note, in the activity chamber Kdm5c-KO mice showed increased locomotor activity during the first 5 min ( Figure 1E ; p < 0.05, Student's t test), but similar activity to WT littermates in subsequent 5 min bins and over the entire 30-min period ( Figures 1E and S1H ). This suggests that the reduced anxiety phenotype may also manifest as hyperactivity during initial exposure to a novel environment, i.e., disinhibition or ''boldness.'' In the open field test, we did not observe a statistically significant difference between the two genotypes in the time spent in the center, suggesting that reduced anxiety of Kdm5c-KO mice is assay dependent (Figure S1I) . It has been suggested that behavioral assays, such as elevated plus maze, open field, and light-dark exploration, measure different forms of anxiety, with each being regulated by a set of partially overlapping genes (Turri et al., 2001) . Indeed, it is not uncommon that a mutation causes an anxiety phenotype in some tests but not others (van Gaalen and Steckler, 2000) .
In order to investigate the cognitive function of Kdm5c-KO mice, we first carried out fear conditioning, which is commonly used to assess learning and memory. Kdm5c-KO mice showed significantly reduced freezing responses upon exposure to the context or auditory cues, which had been paired with aversive events (foot shock) 24 hr earlier ( Figure 2A ; p < 0.005, Student's t test). The reduced fear response of Kdm5c-KO mice was also seen in short-term contextual tests following conditioning in two independent cohorts, suggesting that Kdm5c is required for memory acquisition (Figures S2A and S2B) . Decreased freezing behavior is not due to impaired sensory perception, as Kdm5c-KO animals showed similar responses to WT littermates in the nociceptive test ( Figure 2B ).
We also carried out the Morris Water Maze test to characterize spatial learning. Over a 4-day period with four trials daily, Kdm5c-KO mice showed a significantly slower decline in latency and longer swimming trajectories to find the platform (p < 0.01, repeated-measures ANOVA; Figures 2C and S2C ). Poor performance cannot be attributed to swimming deficiency of Kdm5c-KO mice because their swimming speed was comparable to that of WT littermates ( Figure 2D ). Taken together, these behavioral data demonstrate that Kdm5c is required for the normal development and/or execution of adaptive, emotional, and cognitive behaviors.
Kdm5c Is Required for Dendritic Arborization and Spine Morphology
To determine whether loss of Kdm5c results in behavioral alterations due to changes in overall brain architecture, we performed Nissl staining. We found no gross abnormalities in the cytoarchitecture of the adult Kdm5c-KO cerebral cortex, hippocampus, or amygdala (6 months old; Figure 3A ), which are crucial for learning and adaptive behaviors. Further examination of the neocortex using dendritic marker Map2 and neuronal subtype-specific markers Ctip2, Satb2, Gad1/2, Nos1, and Pvalb did not reveal overt differences between WT and Kdm5c-KO mice ( Figure S3A ). These results suggest that Kdm5c is dispensable for gross morphogenesis of key brain areas.
Abnormal dendritic arborization and spine morphology have been implicated as a cellular basis of human ID and its mouse In the initial behavioral study, nine Kdm5c-KO mice (À/y, KO) and nine WT littermates (+/y, WT) were analyzed in a blind fashion. Based on power analysis, additional mice were analyzed for resident-intruder (13 WT, 13 KO) and social approach (16 WT, 14 KO) tests. (A) Kdm5c-KO mice had a significantly lower body weight at weaning (21 days) and in adulthood. (B) KO mice showed shorter latencies to attack stimulus mice than WT in the resident-intruder paradigm. (C) WT but not KO mice spent more time with the stimulus mouse than with an inanimate object (*p < 0.001, paired t test separately for WT and KO) in the social approach test. (D) KO mice spent significantly more time in the open arms and less time in the closed arms in the elevated plus maze anxiety test than WT littermates. (E) Kdm5c-KO mice were more active during the first 5-min period in activity chamber, but showed no difference in any subsequent 5-min bin or overall (30 min). p values are from Student's t tests unless otherwise noted (*p < 0.05, **p < 0.005, ***p < 0.0005). models (Penzes et al., 2011) . We have previously shown that Kdm5c is required for full dendritic arborization in rat cerebellar granular neurons in culture (Iwase et al., 2007) , but the role of Kdm5c in dendritic growth in vivo and in spine morphogenesis remains unknown. The basolateral amygdala (BLA) plays a central role in perception and modulation of emotion, including fear and aggression (Davis and Shi, 2000) . Since Kdm5c-KO mice showed abnormalities in aggression and fear memory (Figures 1 and 2 ), we first determined whether dendritic growth in the BLA is affected by Kdm5c deficiency. Golgi staining followed by Sholl analysis showed that Kdm5c-KO pyramidal neurons had significantly fewer dendritic intersections selectively in the concentric circles that are distant from the soma (Figures 3B and 3C ; 150-390 mm, two-way ANOVA, p < 0.001), suggesting that extension and/ or branching of dendrites are affected. Indeed, dendrites of BLA pyramidal neurons showed significantly reduced total length ( Figure 3D ; Student's t test, p < 0.0005) in the BLA of Kdm5c-KO mice compared with that of WT littermates. Moreover, a reduced spine density, approximately 45% of WT, was evident from proximal to distal segments of dendritic branches in Kdm5c-KO neurons ( Figure 3E ). Many dendritic spines on Kdm5c-KO neurons were noticeably thinner than those of WT neurons and lacked mature mushroom-like morphology ( Figure 3B , lower).
To determine whether these cellular defects are specific to the BLA, we examined the morphology of pyramidal neurons in the motor cortex of Kdm5c-KO mice and found a slight (9%) but significant reduction of spine density (Student's t test, p < 0.05; Figures S3B-S3D ). However, we did not find any changes in dendritic arborization in this particular brain area (Figures S3E and S3F) . Taken together, these data demonstrate that Kdm5c plays a role in the morphogenesis of dendrites and dendritic spines in vivo, with a brain region-dependent sensitivity to the loss of Kdm5c. 
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Kdm5c-KO Brains Show Altered Transcription Profiles
Kdm5c has been shown to repress neuronspecific genes in non-neuronal cells (Tahiliani et al., 2007) and Myc target genes in mouse embryonic stem (mES) cells (Outchkourov et al., 2013) . However, the genome-wide role of Kdm5c in the brain remains unexplored. We therefore sought to determine the impact of Kdm5c loss on the transcriptome of the amygdala (AMY) and frontal cortex (FC) of adult mice, areas relevant for the Kdm5c-KO behavioral phenotype (Figures 1, 2 , S1, and S2) and where we had observed defects in spine morphogenesis (Figures 3 and S3 ). RNA-seq identified a comparable number of differentially expressed genes in downregulated: 214) and frontal cortex (up: 440, down: 252) compared with WT brain tissues (p < 0.01; Figure 4A ; Table S1 ). The larger number of upregulated genes than downregulated genes is consistent with the enzymatic activity of Kdm5c, which removes the active chromatin marks H3K4me2/3. The overlap of differentially regulated genes between the amygdala and the frontal cortex (98 upregulated and 21 downregulated genes) was relatively small. The median changes of gene expression were modest, ranging from 1.40-to 1.52-fold ( Figure 4B ), suggesting that Kdm5c has a role in fine-tuning expression of hundreds of genes.
To explore the biological significance of the altered gene expression program in Kdm5c-KO brain areas, we used LR path gene set enrichment program (Kim et al., 2012) to define the gene ontologies (GOs) that were significantly mis-regulated in at least one brain area (false discovery rate [FDR] < 0.015). Cluster analysis of these GO terms indicated that the two brain areas of the KO mice display largely distinct patterns of transcriptional alteration. We defined four main classes based on the hierarchical clustering of upregulation or downregulation of GO terms in the amygdala and in the frontal cortex ( Figure 4C ; Table S2 ). Interestingly, categories that were downregulated in KO amygdala but unchanged in KO frontal cortex (class I) are highly relevant for neuronal differentiation, neuron-projection development, and synapses ( Figure 4C ), which is consistent with the dendritic growth defect in Kdm5c-KO BLA (Figure 3 ) but not motor cortex ( Figure S3 ). Consistent with the more severely reduced spine density in the amygdala, when we used ''Reactome,'' a curated biological pathway database , synaptic pathways such as ''Glutamate Neurotransmitter Release Cycle'' and ''Nicotinic acetylcholine receptors'' are downregulated in the KO amygdala but not in the frontal cortex ( Figure S4A ). Categories that were upregulated in Kdm5c-KO amygdala but unchanged in the frontal cortex include GO terms related to cilia ( Figure 4C , class III), which play an important role in neurodevelopment (Louvi and Grove, 2011) . GOs showing upregulation in the amygdala and downregulation in the frontal cortex include behavior-related ontologies such as response to amphetamine ( Figure 4C , class IV). These data suggest that Kdm5c loss leads to different functional consequences depending on the brain area.
To determine whether genes associated with neurodevelopmental disorders significantly overlap with the mis-regulated genes in Kdm5c-KO brain, we performed LR path analyses using curated lists of genes that are associated with IDs (Gardiner, 2015) , ASDs (Basu et al., 2009) , and schizophrenia (Fromer et al., 2014) . Although many of these genes overlapped with mis-regulated genes in the KO brains, we did not find statistically significant enrichment in either the amygdala or the frontal cortex (p = 0.37 $0.93; Table S3 ). Collectively, mis-regulation of hundreds of genes involved in neurodevelopment rather than known human disorder genes is likely instructive to KDM5C deficiencies.
Elevated aggression ( Figure 1B ) and a trend of higher testosterone levels ( Figure S1F ) in Kdm5c-KO mice prompted us to examine the possibility that altered androgen levels may mediate some of the effects of Kdm5c loss on the brain transcriptome. We examined the expression levels of 979 annotated androgen-responsive genes (ARGs) ) as a group in WT and Kdm5c-KO amygdala and frontal cortex, and detected no difference as a whole ( Figure S4B ). However, we did identify a statistically significant enrichment of ARGs in the list of mis-regulated genes in the amygdala and the frontal cortex ( Figure S4C ; Table S4 ). Enrichment was more pronounced in upregulated genes (chi-square test, p < 4.0 3 10 À23 ) than in downregulated genes (p < 1.4 3 10 À3 ), which is consistent with a higher testosterone level in Kdm5c-KO serum. These results suggest that the higher testosterone level in Kdm5c-KO mice, albeit marginally non-significant, may elicit upregulation of ARGs in Kdm5c-KO brain and, in turn, behavioral phenotypes.
Molecular Mechanisms of Kdm5c-mediated Gene Regulation in Neurons
To gain insight into the molecular mechanisms underlying Kdm5c function in post-mitotic neurons, we performed integrated functional genomic analysis of dissociated cortical neurons isolated from the forebrain (which gives rise to brain tissues including the cortex and amygdala) at E16.5 and harvested after 10 days of in vitro culture. This culture system allows us to investigate gene regulation by Kdm5c in a relatively homogenous neuronal population, with minimal glial contamination (Brewer et al., 1993) . We first determined sites of Kdm5c recruitment in post-mitotic neurons by chromatin immunoprecipitation coupled with deep sequencing (ChIP-seq) using an anti-Kdm5c antibody. Our (E) BLA pyramidal neurons of KO showed significantly lower spine density (left), which was seen from proximal to distal segments (***p < 0.0005, two-way ANOVA, right). Mean ± SEM in all panels. p values (*p < 0.05, **p < 0.005, ***p < 0.0005) are from Student's t tests unless noted.
ChIP-seq analysis identified 6,728 high-confidence Kdm5c peaks after subtracting peaks found in the Kdm5c-KO neurons, which constitute non-specific and low-confidence peaks. We found that 48% and 16% of Kdm5c peaks fall within gene promoters and enhancers, respectively, which represent a significant enrichment at these two functional elements (Figures 5A and S5A Figure S1D ).
We noted that Kdm5c peaks often coincide with CpG islands ( Figures 5B and S5C ). Genome-wide assessment reveals that the majority of Kdm5c-bound promoters (94%) contain a CpG island, representing a significant enrichment over the genomic average ( Figure 5C ; p < 1 3 10
À26
, chi-square test). Kdm5c occupies 26% of CpG-containing promoters but only 2% of nonCpG promoters ( Figure S5D ). CpG island-regulated genes encode both highly expressed housekeeping genes and tissue-specific genes, and their promoters are extensively decorated with H3K4me3 (Deaton and Bird, 2011) . Indeed, both mRNA and promoter H3K4me3 levels are significantly higher for CpG island-regulated genes compared with non-CpG genes in neurons ( Figure S5E ). Consistently, we found that Kdm5c levels at target promoters are positively correlated with expression levels of corresponding genes ( Figure S5F ), and Kdm5c-bound genes are enriched for middle and highly expressed genes ( Figure S5G ). Even lowly expressed Kdm5c-target genes are unexpectedly marked with high H3K4me3 (Figure 5E ), suggesting that CpG islands and high H3K4me3 are the primary chromatin signatures that recruit Kdm5c.
KDM5C mediates demethylation of H3K4me3 and H3K4me2 (Iwase et al., 2007; Tahiliani et al., 2007) , which are generally associated with actively transcribed genes. In neurons, global levels of H3K4me1, H3K4me2, or H3K4me3 are comparable in WT and Kdm5c-KO neurons ( Figure 5D ), suggesting that Kdm5c is not a global regulator of H3K4 methylation. We postulated that Kdm5c plays a region-specific role, acting to downregulate gene transcription by removing H3K4me3 from actively transcribed promoters. To test this hypothesis, we generated RNA-seq and H3K4 methylation (H3K4me3, H3K4me1) ChIPseq data from WT and Kdm5c-KO neurons.
To analyze the impact of Kdm5c promoter binding, we compared mRNA and H3K4me3 levels of all Kdm5c-bound genes in WT and Kdm5c-KO neurons and, surprisingly, did not find any significant difference (data not shown). However, when we grouped genes based on their mRNA levels, we noticed significant upregulation of lowly expressed Kdm5c target genes in Kdm5c-KO relative to WT neurons ( Figure 5F ; median: $7% increase, p = 1.4 3 10 À8 , Wilcoxon signed rank test increase in H3K4me3 at promoters ( Figure S5H ; p < 0.05, Student's t test). In contrast, H3K4me1 levels downstream of the TSS were higher in KO regardless of gene expression levels (Figure S5H ). These data indicate that Kdm5c primarily acts as a transcriptional co-repressor when bound at promoters and that lowly expressed genes are more sensitive to the loss of Kdm5c. The absence of significant mis-regulation of the majority of Kdm5c-bound genes suggests that Kdm5c mainly plays a fine-tuning role, which is consistent with our brain tissue RNAseq (Figure 4 ). Although we did not observe a compensatory increase in mRNA levels of other Kdm5 family members in Kdm5c-KO neurons ( Figure S5I ) or brain tissues ( Figure S5J ), functional redundancy may also explain the minimal effects of Kdm5c loss on genes with higher expression levels. RNA-seq analysis from the neuronal cultures identified 169 upregulated and 37 downregulated genes in Kdm5c-KO neurons compared with WT ( Figure 5H ; p < 0.025; Table S5 ). We found a considerable overlap of the differentially expressed genes in cultured neurons with those identified from brain tissues (Figure S5K ). We validated a panel of upregulated genes, including genes that are also upregulated in the brain tissues, using quantitative RT-PCR (qRT-PCR) ( Figure S5L ). Upregulated genes that are common to both cultured neurons and brain tissue likely represent Kdm5c-regulated events specific to neurons rather than other cell types present in brain tissue. Similar to brain tissues, the magnitude of the gene expression changes in cultured neurons was modest ( Figure 5I ; upregulated genes: 1.88-fold; downregulated genes: 1.44-fold). When we integrated RNAseq and Kdm5c ChIP-seq data from cultured neurons, we found high-confidence Kdm5c peaks at the promoters of 29.6% of upregulated genes but only 16.2% of downregulated genes ( Figure 5J ). Significantly upregulated or downregulated genes in Kdm5c-KO neurons showed an increase or decrease of H3K4me3, respectively, both genome-wide ( Figure 5K ) and at specific loci ( Figures 5B and S5C ). These genome-wide data identified mechanisms of Kdm5c-mediated gene repression, which may account for mis-regulation of genes in vivo that are closely associated with dendritic and behavioral deficits.
DISCUSSION
We have generated and characterized a mouse model of ID caused by the loss-of-function of a histone demethylase. Importantly, Kdm5c-KO mice recapitulate key cognitive, adaptive, and social abnormalities seen in patients with KDM5C mutations, including increased aggression, decreased anxiety and social behavior, and defects in learning and memory (Figures 1  and 2 ).
We identified a significant reduction in dendritic arborization and spine density in the BLA ( Figures 3B-3E ), a region known to be important for the formation of fear memory and for aggressive behavior (Davis and Shi, 2000) . Spine density in the BLA has previously been linked to anxiety and cognitive deficits (Leuner and Shors, 2013) , suggesting that these alterations may contribute to the behavioral phenotypes. In contrast, spine density was slightly reduced in the cortex of Kdm5c-KO mice, whereas dendritic arborization was unaffected ( Figure S3 ). Different changes in gene expression were identified in Kdm5c-KO amygdala and cortical brain tissues (Figure 4) . Differential sensitivity to Kdm5c loss between brain areas in both cellular phenotypes and gene expression levels emphasizes the importance of future investigation into brain region-specific roles of Kdm5c. We are currently carrying out a systematic analysis to localize the anatomical substrates for individual behavioral phenotypes by genetically deleting Kdm5c in discrete brain locations and in specific cell types.
Our ChIP-seq and RNA-seq analyses in cultured neurons have provided molecular insights into how Kdm5c might regulate neuronal function. ChIP-seq identified Kdm5c at gene promoters characterized by the presence of CpG islands and high H3K4me3 ( Figures 5C, S5D , and S5E), raising the possibility that these are the primary determinants for Kdm5c recruitment to promoters in neurons. The effect of Kdm5c loss on gene expression is more pronounced at genes with low expression (Figure 5F ), which are marked by unexpectedly high H3K4me3 levels in WT neurons ( Figure 5E ). High H3K4me3 at genes with low expression is a hallmark of poised chromatin, often found at genes required to undergo rapid activation (Margaritis and Holstege, 2008) . It would be interesting to investigate the role of Kdm5c at poised genes, such as neuronal activity-dependent genes (Saha et al., 2011) .
Loss of Kdm5c causes both upregulation and downregulation of gene expression, but a higher percentage of genes are upregulated upon Kdm5c loss in both brain tissues and cultured neurons ( Figures 4A and 5H ), indicating that Kdm5c mainly functions as a transcriptional repressor. A recent report suggested that Kdm5c can also act as a transcriptional activator, possibly by impacting enhancer function in mES cells (Outchkourov et al., 2013) . We note that a considerable number of genes showed downregulation in Kdm5c-KO neurons ( Figures 4A and 5H ) and that Kdm5c binds to enhancers ( Figure 5A ). However, whether downregulation of these genes is a result of loss of Kdm5c at enhancers that control their expression and, indeed, whether Kdm5c regulates enhancer activities in neurons remain to be investigated.
We found multiple key pathways that play essential roles in the development and function of neuronal circuitry to be aberrantly expressed in the Kdm5c-KO brain ( Figure 4C) . Importantly, the differential severity of dendritic phenotypes between amygdala and cortex correlates with the downregulation of neurodevelopmental pathways, lending support to the hypothesis that these downregulated genes contribute to the dendritic morphologies in Kdm5c-KO brains (Figure 4 ). Other mis-regulated pathways include ''Cilium,'' ''Dopamine receptor signaling pathway,'' ''Glutamate neurotransmitter release cycle,'' ''Nicotinic acetylcholine receptors,'' and ''GABA receptor activation'' (Figures 4  and S4A ; Table S2 ), suggesting that the loss of Kdm5c may have impact on cilia function and diverse neurotransmitter systems in a brain area-dependent manner. Thus, our transcriptome analyses provide a useful resource for future investigations to determine the downstream effector genes responsible for phenotypic outcomes in this unique mouse model of ID.
Although the magnitude of gene mis-regulation in Kdm5c-KO neurons is modest ( Figures 4B and 5I) , it is possible that an accumulation of small changes in multiple pathways may collectively contribute to the observed behavioral and cellular abnormalities.
Alternatively, specific deficits may be attributable to a single receptor-mediated pathway in a brain region-and/or circuitry-specific fashion. In addition, it remains to be determined whether there is a critical period for Kdm5c function during development. Therefore, it will be important in the future to employ pharmacological and genetic approaches to determine (1) whether the behavioral and cellular deficits originate during development and (2) the functional significance of Kdm5c target genes for their contributions to the phenotypes associated with the loss of Kdm5c. In conclusion, our mouse model of XLID caused by mutations in KDM5C provides insights into the fundamental mechanisms by which histone methylation dynamics sculpt the neuronal network and a foundation for strategizing future XLID therapies.
EXPERIMENTAL PROCEDURES
Gene targeting was carried out in a 129-derived mES cell line. After germline deletion of floxed segment using B6.C-Tg(CMV-cre)1Cgn/J mice (The Jackson Laboratory), the knockout allele was maintained on a C57BL/6J background (The Jackson Laboratory) with more than nine generations of backcrossing, thereby eliminating 129 genetic background. To minimize phenotypic variability due to heterogeneous genetic background, we compared F1 littermates generated from breeding between a heterozygous KO female on the C57BL/6J background and a WT 129S1/SvImJ male (The Jackson Laboratory) throughout the present study (Silva et al., 1997) . Behavioral paradigms were performed according to standard protocols and in a blind fashion. Morphological analyses of dendrites were carried out as described previously (Shmelkov et al., 2010) . RNA-seq libraries were prepared from the frontal cortex and the amygdala of adult (3 to 6 months) mice and from cultured neurons after 9-10 days in vitro, according to method described previously . RNA-seq and ChIP-seq libraries were sequenced on an Illumina HiSeq 2000 system; resulting reads were mapped and analyzed as described in supplementary methods.
Animals
Animal procedures were approved by institutional animal care and use committees of Boston Children's Hospital (13-08-2474R), Washington State University (04298), and the University of Michigan (PRO00004174).
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Experimental Procedures
Generation of Kdm5c-KO mice.
The targeting vector was generated by modifying a bacterial artificial chromosome (BAC) library clone (RP23-330G24, Children's Hospital Oakland Research Institute) which encompasses the Kdm5c locus, by the recombineering technique (Lee et al., 2001; Liu et al., 2003) . In the targeting plasmid, exons 11 and 12 of Kdm5c and the neomycin resistance gene are flanked by the flox and frt sequences, so that they can be excised by Cre and Flpe recombinases ( Supplementary Fig. 1A ). Targeted mouse embryonic stem (ES) cell clones were selected by polymerase chain reaction (PCR) and Southern blot analyses, and injected into C57BL/6 recipient blastocyst. Resulting chimeric male mice were crossed with C57BL/6 female to obtain heterozygous targeted mice. To obtain whole-body Kdm5c-KO mice, we crossed the heterozygous female with a germ-line Cre expressing transgenic male mice (B6.CTg(CMV-cre)1Cgn/J, The Jackson Laboratory). The resultant Kdm5c-KO allele has been maintained in heterozygous females with continuous backcrossing with C57BL/6J males. After more than eight generations of backcrossing, we crossed the heterozygous female to WT 129S1/SvImJ males (The Jackson Laboratory). To avoid phenotypic variability due to genetic background, the F1 generation from this cross was used for the behavioral analysis according to the published guidelines (Silva et al., 1997) .
Antibodies.
Anti-KDM5C antibody was raised by immunizing rabbits with the C-terminal segment of human KDM5C (1,459-1,559 a.a., NP_001269551), which was expressed and purified as a histidine-! 2! tagged protein in E. coli. Resultant serum was affinity purified using the immunized protein as the ligand. For Western blot, we use antibodies purchased from Abcam: anti-histone H3 cterminus (ab1791), anti-H3K4me1 (ab8895), anti-H3K4me2 (ab7762), and anti-H3K4me3 (ab8580) antibodies. For histone modification ChIP, we used anti-H3K4me3 (Millipore CMA304) and anti-H3K4me1 (Diagenode pAb-037-050).
Behavioral paradigms.
Mice were housed singly due to the high level of aggression of the Kdm5c-KO mice; water and food were available ad libitum. The light:dark cycle was set at 12:12. 3 to 5 month-old mice were used for all behavioral studies. Statistical power analysis was performed based on pilot experiments in a separate group WT and Kdm5c-KO mice, which suggested that nine animals in each group were adequate, with the exception of resident-intruder and social preference testing. Therefore, throughout the behavioral study nine 
Fear conditioning:
In the conditioning session, a 30 sec, 90 dB tone was played and coterminated with a 2 sec, 0.75 mA shock (Med Associates, St Albans, VT). This pairing was repeated one minute later. On the following day freezing response was measured in the same chamber for 3 minutes without tone (contextual conditioning) and then 3 minutes with tone (auditory cued conditioning). Measurement of freeze responses was automatically generated by the Med Associates apparatus; machine scores were manually verified at the beginning of the project. Short-term fear response was assessed in a separate group of mice in which, upon ! 4! completion of conditioning, the mouse was placed in its home cage briefly for 1 minute and then returned to the conditioning chamber for a 3 minute long observation session.
Hot plate: A mouse was placed on a metal plate set to 52°C and time elapsed was recorded by two experimenters independently upon an observation of a hind-paw flick, hind-paw lick, or a jump, whichever happened first. The cut-off time was 30 seconds. Each mouse was given 5 trials with a >15 minute break between two consecutive trials.
Morris water maze:
The pool has a diameter of 1.0 m, containing water made opaque with powdered milk, and a platform submerged under the water surface. The pool was shielded on three sides by styrofoam panels decorated with colored geometric paper cuts to serve as spatial cues. A mouse was given four training sessions on the first day; in each session the mouse would be guided by the experimenter to the platform if it had not succeeded in two minutes. The mouse was then tested for four consecutive days with four trials daily, and was placed in a different quadrant of the pool in each of the four daily trials. A trial was terminated after one minute at which point, if the mouse had not yet reached the platform, it was removed from the water and placed on the platform by the experimenter. Swimming speed was determined using the EthoVision XT 9 software (Noldus, Leesburg, VA).
Social preference: A three-chamber apparatus was employed which consists of one central and two side chambers. The mouse became acclimated to this apparatus by spending the first 10 minutes in the central chamber and then another 10 minutes exploring the three chambers.
For the third 10 minutes, an adolescent stimulus male C57BL/6J mouse (<35 days of age) was introduced into one side chamber inside a wired containment cup. An identical wired cup was placed in the other side chamber. The subject mouse was allowed to travel freely through all three chambers. In the subsequent social memory test administered 24 hours later, the same stimulus mouse was placed into one side chamber inside a wired containment cup, and a novel stimulus mouse was placed into the other side chamber in an identical cup. The subject ! 5! mouse was then placed in the central chamber and it could travel freely between the three chambers for 10 minutes.
Resident-intruder test:
Each mouse was tested once daily for four consecutive days. At the beginning of a trial, an adolescent male mouse (<35 days old) was introduced into the home cage of the subject mouse and the latency to the first attack was recorded. A trial normally lasted 6 minutes unless it was prematurely terminated due to the severity of the fight. The subject mouse encountered a different stimulus mouse each time. Data shown here are from the fourth day, due to higher variations in attack latency in the earlier trials within each genotype.
Measurement of testosterone level.
Cervical blood was collected in Vacutainer tubes and serum was isolated per the manufacturer's instruction (BD, Franklin Lakes, NJ). Immunoassays were performed at the Ligand Assay and Analysis Core in the Center for Research in Reproduction, University of Virginia (Charlottesville, VA), with each sample being tested in duplicate (sensitivity: 10 ng/dL; report range: 10 -800 ng/dL).
Immunohistochemistry and histology.
Mouse brains for immunohistochemistry were processed as described previously (Arlotta et al., 2005) . Primary antibodies were as follows: anti-Ctip2 (Abcam, ab18465), anti-Satb2 (Santa Cruz, sc-81376), anti-Gad1/2 (EMD Millipore, AB1511), anti-Nos1 (Thermo Fisher, 61-7000), and anti-Pvalb (Swant, PV235). Appropriate secondary antibodies were from the Molecular Probes Alexa series and the Vectastain ACB system (Vector Labs). Nissl staining was processed as described previously (Arlotta et al., 2005) . Tissue sections were imaged using a ! 6! Nikon 90i fluorescence microscope equipped with a Retiga Exi camera (Q-IMAGING) and analyzed with Volocity image analysis software v4.0.1 (Improvision).
For the Golgi staining, the slides included serial coronal sections (120µm thickness) that covered the entire rostro-caudal axis of BLA and motor cortex in adult male mice. The serial sections were then chosen and analyzed using a stereology-based software Neurolucida v9.0 system (MicroBrightField) that controlled the Axioplan 2 image microscope (Zeiss) with the MicroFire CCD camera (Optronics). Pyramidal neurons with a completely impregnated soma and dendrites with no overlap of neighboring soma were selected. Neurons with truncations due to sectioning were not chosen. Cells with dendrites labeled retrogradely from impregnation of surrounding neuropil were excluded. Automatic navigation of the digital probes with registered x-y-z coordinates of each 2D image stack was able to create a complete 3D profile for dendrograms and dendritic spines. Sholl analysis (Sholl, 1953 ) was performed to examine 1) the frequency of intersections and 2) the spine density at every 30-µm interval or concentric circle from the soma. A total of 20 pyramidal neurons, five neurons from four brain samples, were analyzed for each genotype. Statistical analyses were performed using Prism v5.04 (GraphPad Software). Image acquisition, tracing, 3D image construction were performed by an experimenter who were not informed of the genotypes of the samples. Golgi staining and Sholl analysis were carried out in a blind fashion.
Forebrain neuron culture.
Brains from E16.5 male mouse embryos were collected in HHGN dissection solution (Hanks' Balanced Salt Solution supplemented with 2.5 mM Hepes, 35 mM Glucose, 4 mM sodium bicarbonate). We removed the thalamus, hippocampus, olfactory bulb, and mid-and hindbrains, and the resultant forebrain tissue was used as the source of neurons. penicillin-streptomycin, 0.5 mM L-glutamine, and 25 µM 2-mercaptoethanol. Cells from one cortex were plated in a 10-cm tissue culture dish treated with 50 µg/ml Poly-D-lysine hydrobromide (Sigma, MW 30, 000) . Cultured neurons were maintained in humidified incubators with 5% CO 2 at 37°C. Half of the culture media was replaced with new culture media every 3 days in vitro (DIV), and cells were harvested on 9 or 10 DIV. In this condition, cultures are dominated by Map2-positive neurons. We confirmed dominance of Map2-positive neurons in our culture by immunocytochemistry (data not shown).
RNA-sequencing.
The amygdala and the frontal cortex were dissected from three adult mice for each genotype, homogenized in TRIzol (Life Technolgies) and subjected to total RNA isolation using RNEasy Mini Kit (Qiagen). Total RNAs from two independent neuronal cultures (each from WT and Kdm5c-KO littermate embryos) were isolated using RNA purification kit from Life Technologies.
Ribosomal RNA was depleted from total RNA using the Ribominus Eukaryote Kit for RNA-Seq (Life Technologies). Libraries were prepared using Direct Ligation of Adapters to First-strand cDNA as described previously . Multiplexed libraries were pooled in approximately equimolar ratios and were purified from a 1.8% TBE-agarose gel. The libraries were sequenced to a length of 50 bases using an Illumina HiSeq 2000 according to standard procedures. Detailed information of reverse transcription, adapter-design, ligation and subsequent steps has been described previously .
Histone modification ChIP-seq.
! 8! H3K4me3 and H3K4me1 from two independent neuronal cultures (each of matched littermate WT/KO pairs) were analyzed by ChIP-seq. Chromatin preparation for histone modification ChIP was performed as described previously (Stock et al., 2007) with some modifications.
Neurons were fixed in 1% formaldehyde (10 min, RT). Fixation was stopped by addition of glycine to 0.125M (5 min, RT). Cells were washed in cold PBS, before "swelling" buffer (25 mM HEPES pH 7.9, 1.5 mM MgCl 2 , 10 mM KCl and 0.1% NP-40) was added to lyse the cells (10 min, 4°C). After resuspension in "sonication" buffer (50 mM HEPES pH 7.9, 140 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% Na-deoxycholate and 0.1% SDS), nuclei were sonicated using a Misonix 3000 (Amplitude 60; 25 cycles; 15s 'on', 45s 'off'; 4°C). The resulting material was centrifuged twice (10 min, 4°C) at 14,000 rpm. Swelling and sonication buffers were supplemented with 5 mM NaF, 1 mM PMSF, and protease inhibitor cocktail (Roche). Protein G magnetic beads (Life Technologies) were washed with sonication buffer before use. Chromatin was immunoprecipitated (overnight, 4°C) with beads and antibodies. After immunoprecipitation, beads were washed as described previously (Stock et al., 2007) . Immune complexes were eluted from beads (65°C, 5 min; and room temperature, 15 min) with 50 mM Tris-HCl pH 8.0, 1 mM EDTA and 1% SDS. Elution was repeated and eluates were pooled.
Reverse cross-linking was carried out (16h, 65°C) with addition of NaCl and RNase A. EDTA was increased to 5 mM and samples were incubated with 200 µg/ml proteinase K (2h, 50°C).
DNA was recovered by phenol-chloroform extraction and ethanol precipitation, and quantified by Qubit (Life Technologies).
ChIP-seq libraries were prepared from 10 ng DNA using NEBNext DNA library preparation reagents (E6000) and the protocol and reagent concentrations as described in the Illumina Multiplex ChIP-seq DNA sample Prep Kit. After PCR amplification, 300-600 bp DNA fragments were selected on an agarose gel. Libraries were quantified by Qubit (Life Technologies), and library size was assessed by Bioanalyzer (Agilent). Libraries were sequenced using a HiSeq 
RNA-seq and ChIP-seq analysis.
Raw reads were demultiplexed and filtered according to the standard Illumina analysis pipeline. Reads from sequencing libraries were then mapped to mm9 build of mouse genome using bowtie 1 (Langmead et al., 2009) for ChIP-seq and Tophat 2 (Langmead et al., 2009; Roberts et al., 2011; ) for RNA-seq, allowing up to 2 mismatches and only uniquely mapped reads were analyzed further. Differential gene expression analysis and FPKM calculations were performed using Cuffdiff. (Roberts et al., 2011; Trapnell et al., 2012; Trapnell et al., 2010) . Differentially expressed genes in amygdala and frontal cortex were identified with Cuffdiff as genes with P (p-value) < 0.01. For the cortical neuron RNA-seq data, p-values and log2(KO/WT) of differential expression from each of the two replicates were combined using the formula P=p1p2 [1 -ln(p1p2)]! (Elston, 1991) where P is the combined p-value and p1 and p2 are the p-values of differential gene expression from Cuffdiff. Genes were called as significantly changed if P value from each replicate was < 0.1 with the combined P value < 0.025. This translates to 97.5% confidence and 1% False ! 10! Discovery Rate. We removed genes that were up-regulated in one replicate and downregulated in another.
For Kdm5c spike-in ChIP-seq, experimental mouse chromatin was spiked-in with 1% of drosophila chromatin. Since the reads were from a mixture of the two genomes, we first removed any reads mapping to both genomes by mapping the reads to a merged genome (mm9+dm3). Since the differences in the fraction of fruit fly reads were negligibly small between WT and KO samples in both replicates (less than 4%), we did not perform adjustment of signals based on the spike-in signals. We followed IDR (Irreproducible Discovery Rate) framework (Li et al., 2011) to call Kdm5c peaks with an IDR cutoff of 0.05. IDR analysis followed by filtering out any peaks in the ENCODE blacklisted regions (Landt et al., 2012 ),!we obtained 7,338 and 1,689 in the WT and KO samples respectively. Subtraction of KO peaks from WT peaks yielded 6,728 WT-specific, high confidence KDM5C peaks (P < 10 -8 ).
Promoters were defined as -1,000 to +500 bps of known transcription start sites. TTS were defined as ±500 bps of the known transcription termination sites (mm9). We used a previously annotated set of CpG islands! (Gardiner-Garden and Frommer, 1987) , from the UCSC genome website. DNase I hypersensitive sites (DHS) of E14.5 and adult mouse brains were obtained from ENCODE . Enhancers (total 24,055) were defined as regions ± 1,000 bps of high confidence promoter distal DHS sites (Neph et al., 2012) (signal >80 and p-value < 10 -6 ) that showed high levels of H3K4me1 and low levels of H3K4me3. Mouse mm9 genome assembly was used throughout the analysis.
For the pathway enrichment tests, the RNA-seq data containing average log2 values of fold changes between KO and WT as well as averaged p-values were uploaded in the LRpath website (http://lrpath.ncibi.org/). To obtain an overview of biological processes affected in Kdm5c-KO neurons, directional tests for the concepts (GO terms and interactomes) that ! 11! consist of more than 50 and less than 2000 genes were carried out. Clustering was performed using the LRpath website and represented using TreeView! (Saldanha, 2004) .
qRT-PCR.
Total RNA from 3-4 independent neuronal cultures (each of matched littermates WT/KO pairs, independent of RNA-seq experiments) was isolated using TRIzol reagent (Life Technologies).
Fold change of mRNA level was calculated as previously described (Pfaffl, 2001) mice. An increase in testosterone level was noted, although the difference was marginally nonsignificant (P = 0.07, t-test). G, 24 hr after the social preference test (Fig. 1C) 
